Purpose: To evaluate the changes in choroidal thickness (CT) before and after a successful pars plana vitrectomy for rhegmatogenous retinal detachment (RD), and to compare the evolution of CT with respect to the extent of RD.
B y delivering nutrients and removing waste products, the choroid circulatory system plays an essential role in the pathogenesis of multiple diseases of the posterior segment of the eye. 1 Enhanced depth imaging in optical coherence tomography (OCT) provides cross-sectional images of the retina, which extend to the posterior border of the choroid. From these images, the choroidal thickness (CT) can be measured reliably. 2 The CT has been correlated with the axial length (AL) of the eye and patient age. 3, 4 Moreover, based on OCT images, associations have been established between the CT and chorioretinal diseases, such as central serous retinopathy and age-related maculopathy. 5, 6 During retinal detachment (RD), many metabolic processes are disrupted, which may affect choroid circulation. Modifications in choroidal circulation have been shown to modify the CT in the fovea. 7 Preoperative observations in patients with RD have shown modifications in the CT. 8, 9 Postoperatively, after both pars plana vitrectomy (PPV) and scleral buckling treatments, changes in the subfoveal CT have been observed, which have been attributed to surgical inflammation and/or RD. 10, 11 Previous studies have indicated that disruptions in retinal metabolism, due to RD and/or subsequent surgical interventions, could induce transient choroidal thickening. However, this process has not been well characterized. This study aimed to investigate morphologic changes in CT by measuring the thickness preoperatively and postoperatively over a much more extended area (51 loci across the central 5 mm of the retina) than previously studied. In addition, this report was the first to compare the effect of RD on CT between three disease groups; eyes with peripheral macula-on RD; eyes with paracentral macula-on RD; and eyes with macula-off RD.
Methods
This prospective, observational, monocentric study was conducted at the Jules-Gonin Eye Hospital, University of Lausanne, at the Department for Vitreoretinal Surgery. The study period was from March 2015 to March 2017. The study followed the tenets of the Declaration of Helsinki and was approved by the Ethics Committee of Canton Vaud, Switzerland (protocol no 483/14). Written informed consent was obtained from participants after we explained the nature and possible consequences of the study. We recruited patients who had undergone surgery for rhegmatogenous RD. We excluded patients older than 99 years or younger than 18 years; those with preexisting ocular disease or macular disorders (epiretinal membrane, macular edema, and macular holes); those with previous ocular surgery, other than cataract surgery in either eye; those with proliferative vitreoretinopathy, Stage C; those with posttraumatic RD; and those with RD that had lasted longer than 30 days. We also excluded patients when the OCT images were low quality or blurred, and the chorioscleral interface could not be traced. We excluded patients with a spherical equivalent higher than 212 diopters and patients without a complete set of images. A total of 54 eyes of 54 patients were included in analysis. The patients were divided into three groups, according to the extent of RD, as follows: peripheral RD with macula-on (.3 mm from the fovea, n = 14); paracentral RD with macula-on (fovea-sparing, #3 mm from the fovea, n = 14); and macula-off RD (central RD, involving the fovea, n = 26).
Patient Follow-up
All patients underwent ophthalmic examinations before, and 1 and 3 months after the surgery. The examinations included measurements of the bestcorrected visual acuity (BCVA), intraocular pressure (with Goldmann applanation tonometry), anterior segment and fundus examinations (with slit-lamp biomicroscopy), and an AL measurement (with the IOL Master 500; Carl Zeiss Meditec, Dublin, CA).
Images
Optical coherence tomography images were taken preoperatively in both macula-on groups, and at 1 and 3 months postoperatively in all eyes. A single horizontal enhanced depth imaging in OCT scan through the fovea was obtained for each eye. Contralateral eyes served as control eyes. The extent of RD was measured manually with an OCT map scan (Spectralis HRA + OCT; Heidelberg, 30°ART, 5.9 · 5.9 mm). The CT was measured with proprietary software, using the horizontal line scan in the area between 2.5-mm nasal and 2.5-mm temporal from the fovea. Briefly, we aligned the external limiting membrane segmentation to the posterior choroidal boundary and assessed the "outer retinal layer" to extract the CT systematically (the distance between Bruch membrane and the outer border of the choroidal stroma).
The repeatability of CT measurements was assessed by two coauthors (C.G. and E.F.) who measured CTs on the same images, manually, from 10 patients who represented the range of RD types at all 51 loci. No significant differences were found between observers (P . 0.05). Henceforth, all CT measures were performed by a single observer (multivariate analysis of variance).
Choroidal thickness measurements were compared between those taken at baseline and those taken at each postoperative visit. We also compared measurements between treated and contralateral eyes. Choroidal thickness was measured at 51 points that spanned the central 5 mm, from 22.5 mm to +2.5 mm, with a horizontal separation of 0.1 mm. We defined three regions: the nasal macular region, which comprised 11 points, starting at 1 mm and ending at 2 mm from the fovea, respectively, on the nasal side; the temporal macular region, which comprised 11 points, starting at 1 mm and ending at 2 mm from the fovea, on the temporal side (22 mm to 21 mm); and the subfoveal region, which comprised 5 points along the 0.4-mm diameter of the fovea (20.2 mm to 0.2 mm).
Surgical Procedure
Surgeries were performed by four vitreoretinal surgeons in our hospital. Patients received local anesthesia. All patients underwent a 3-port, 23-gauge PPV, and retinal breaks were treated with cryotherapy or argon laser photocoagulation during surgery. More Presented at 17th Euretina Congress in Barcelona, Spain, September 7-10, 2017.
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All patients received local treatment with antibiotics and corticosteroids for 1 month after surgery.
Anatomical success was defined as the total reattachment of the retina, observed with binocular indirect ophthalmoscopy. The final anatomical success rate was 100% at the end of the follow-up period.
Statistical Analyses
Statistical analyses were performed to assess data on sex, age, lens status, symptom duration, extent of RD, macular condition, changes in the logarithm of the minimum angle of resolution of the BCVA, refractive errors, AL, intraocular pressure, retinal thickness, and CT measured preoperatively, at 1 month, and at 3 months after surgery. The multiple measures in each region for each patient were evaluated with the analysis of variance for repeated measures. We considered P values below 0.05 as statistically significant. The statistical analysis was performed in R version 2.15.120.
Results

Baseline Characteristics
The demographic and clinical characteristics of patients are shown in Table 1 . In the peripheral RD group, the mean age at the onset of RD was 63.4 ± 8.5 years. The median BCVA was 0.0 (interquartile range [IQR]: 0-0.1) (20/20), both before and after surgery (P = 0.37). In the paracentral RD group, the mean age was 55.1 ± 6.0 years, and the median preoperative BCVA was 0.08 (IQR: 0-0.2) (20/25), which improved to a postoperative BCVA of 0 (IQR: 0-0.1; P = 0.08) (20/20) . In the macula-off RD group, the mean age at the onset of RD was 60.5 ± 9.6 years, and the BCVA improved significantly from 2 (IQR: 1. respectively. In the paracentral RD group, the mean CT was thicker at the subfoveal location preoperatively (220.9 ± 74.5 mm) than in the peripheral RD group, but similar to that of the peripheral RD group at 1 and 3 months postoperatively (204.8 ± 68.7 mm and 206 ± 72.7 mm, respectively). The mean subfoveal CTs in the macula-off RD group at 1 and 3 months were also similar to those of the peripheral RD group postoperatively (201.3 ± 70.9 mm and 210.3 ± 67.1 mm, respectively). In the contralateral eyes, the mean subfoveal CT was thinner in the peripheral RD group (172.7 ± 42.2 mm) than in the paracentral or maculaoff RD groups (230.6 ± 81.0 mm and 235.2 ± 70.3, respectively; P , 0.01 and P , 0.01, respectively; Table 2 ). In the contralateral eyes, no significant differences were found in the preoperative, 1-month, and 3-month examinations. The mean CTs at the foveal, nasal, and temporal locations in the three different groups at the three different preoperative and postoperative time points are summarized in Table 2 and Figure 1 .
Intereye Difference in Mean Choroidal Thickness Nasally, Centrally, and Temporally Throughout Follow-up
In the peripheral RD group, the intereye difference in CTs at the subfoveal location showed a thickening throughout follow-up (preoperative = 19.6% ± 43.9%, 1 month = 22.9% ± 27.5%, and 3 months = 18.2% ± 35.6%). In the paracentral RD group, the intereye difference in subfoveal CTs showed a thinning throughout follow-up (preoperative = 27.8% ± 21.9%, 1 month = 25.5% ± 26.1%, and 3 months = 29.3% ± 19.4%). In the macula-off RD group, the intereye difference in subfoveal CTs showed a more pronounced thinning at 1 month (214.1% ± 18.7%) and 3 months (29.9% ± 15%). The intereye differ-ences in mean CTs at the subfoveal, nasal, and temporal locations and in the three different groups at different preoperative and postoperative time points are summarized in Table 2 and Figure 2 .
At 1 month postoperatively, the peripheral RD group showed a significant thickening in the subfoveal CT (P , 0.01) compared with contralateral eyes. Conversely, the paracentral and macula-off RD groups showed significant thinning in the subfoveal CTs (P = 0.04, P , 0.01, Tables 2 and 3 and Figure 3 ).
The summary statistics show the significance of the observed differences in the mean CT values between the treated eyes and the contralateral eyes and the significance of the percentage of change in CTs in the peripheral, paracentral, and macula-off RD groups compared with the corresponding contralateral eyes ( Table 3) .
Using univariate analysis, we observed that preoperative subfoveal CT in the fellow eyes was significantly associated with AL (P = 0.02), extension of RD (P = 0.01), and borderline significantly associated with age (P = 0.056). There was no association observed with sex and subfoveal CT (P = 0.28). On multivariate analysis, age (P = 0.03), AL, (0.001) and extent of RD (0.03) were independent predictive factors of subfoveal CT in fellow eyes; however, inversely, only subfoveal CT of the fellow eye was a predictive factor for the extent of RD (P = 0.01).
Discussion
In this study, we characterized the correlation between the extent of RD and the CT by measuring 51 loci across the macula, preoperatively and postoperatively, with a horizontal separation of 0.1 mm. In previous studies, CT was measured only at the subfoveal area, not across the macula. Our method allows us to examine also the paramacular CT because CT is known to vary topographically with respect to the distance from the macula and optic nerve head. 12 Also, as this included 51 measures from the same patient, we could improve the reliability of our measures by using analysis of variance. Moreover, we separated the study eyes into three groups according to the extension of RD (verified using OCT): peripheral RD (.3 mm from the macula), paracentral RD (,3 mm with the fovea fully attached), and macula detachment (macula-off). Choroidal thickness is more affected by systemic factors; therefore, the possibility of systemic factors driving RD motivated our choice, and this grouping had not been described previously in the literature.
It has been reported that in healthy eyes, there is no significant interocular difference in CT. 12 Because the second eye is considered healthy in patients with RD, we examined the relative changes of CT with respect to RD by comparing operated with the healthy fellow eye. Given the large intrasubject variation in CT, we considered that this approach would give a much better estimation of change due to CT. We observed that, when RD extended toward the macula (paracentral RD), the CT was thinner than that in contralateral eyes; moreover, when RD caused the macula-off condition, the CT was even thinner (relative to fellow eye). Conversely, in peripheral RD, we observed that the CT was thicker than in contralateral eyes. Surprisingly, in the contralateral eyes of patients with peripheral RD, the CT was markedly thinner than that in the contralateral eyes of patients with either paracentral or macula-off RD. This large difference in CT of fellow eyes of patients with RD between groups was not expected. Thus, patients with peripheral RD may be at lower risk of developing macula-off RD, because of the thinner baseline CT.
The architecture of the choroidal vasculature might partly explain the recovery trajectories observed. Previously, Nickla and Wallman 7 demonstrated that modulations in ion and fluid flow across the retina and retinal pigment epithelium into the choroid modulated the CT. Similarly, RD was shown to disrupt retinal metabolism and ionic transfer into the choroid, resulting in CT modifications, which resolved once the retina was reattached. Several studies have shown that the CT increased immediately after surgery, and that resolution was achieved within 3 months of surgery. [9] [10] [11] Those findings were consistent with our hypothesis that, after retinal reattachment, the CT will return to the measurements observed in the contralateral eye. Akkoyun and Yilmaz 11 studied patients who underwent different types of surgical interventions for RD. They showed that a transient increase in subfoveal CT occurred 1 week postoperatively, after both PPV and scleral buckling. The authors suggested that this transient increase in CT may have been induced by scleral and choroidal inflammation after laser photocoagulation in the PPV group, and with scleral compression reducing blood flow and increasing hemostasis in the choroidal circulation in the scleral buckling group. 11 Somewhat surprisingly, we observed that CT changes were very different in eyes with peripheral RD than in those with paracentral or macula-off RD. In particular, the CT in contralateral eyes was significantly thinner in the peripheral RD group than in the paracentral and macula-off RD groups ( Table 2 ). This finding suggested that either systemic factors influenced the extent of RD or that eyes with peripheral RD were at lower risk of extensive RD, because of the thinner baseline CT. After PPV with a silicone oil tamponade for treating RD, the subfoveal CT decreased after surgery. 8 This thinning might have been related to increased uveoscleral outflow and intraocular inflammation caused by the RD. However, that study was based on an analysis of a group of patients with either macula-on or macula-off RD (63% vs. 37%). Our results indicate that there would be patients with significant increases (peripheral RD) and decreases in CT (macula-off RD), as such changes in CT would be masked in this mixed cohort.
Another study suggested that the width and size of the buckling material could affect changes in the choroidal circulation, which could result in long-term increases in the subfoveal CT in patients with maculaoff RD. 13 Finally, a randomized clinical trial of cryotherapy versus laser photocoagulation in scleral buckle surgery showed that the postoperative aqueous flare was higher after cryotherapy than after laser photocoagulation. 14 All our patients were treated with cryotherapy, except one who was treated only with laser photocoagulation in the paracentral RD group. Therefore, the different patterns in CT evolution that we observed among the three different RD groups were not related to the laser treatment used.
The CT has been reported to be thickest under the fovea in a healthy population. 3 That finding was correlated with the vascular architecture, which is shaped to sustain the high metabolic demand of the macula. The outer retina in the nasal macula is relatively thin, due to increases in the overlying layers of nerve fibers in this region; consequently, a significant component of the nasal macula is sustained by the retinal vasculature. Accordingly, the nasal macula places lower metabolic demand on the choroidal vasculature; indeed, it has been shown that this area had a thinner CT than other areas of the macula. 3 In our study, the healthy contralateral eyes in the peripheral macula-on RD group showed a submacular CT that was thinner than the average measurements found in the literature. This unexpected finding could not be explained by the mean age, AL, or spherical equivalent.
Similar to other groups, we observed a high interobserver correlation, high repeatability, and high intervisit reproducibility in the CT measurements. [15] [16] [17] [18] The mean intereye CT difference in the peripheral RD group was elevated across the central 0.4 mm, and that elevation began to resolve at 3 months after surgery. In the paracentral RD group, at 1 month after vitrectomy, the CT was thinner than that of the contralateral eye, mainly in the foveal region. At 3 months, the intereye CT difference continued to resolve temporally and nasally, but not centrally. In the macula-off RD group, at 1 month postoperatively, the mean intereye CT difference showed significant thinning compared with contralateral eye at all locations, particularly the subfoveal and temporal locations. This thinning also started to resolve at 3 months postoperatively.
Although the results of this study are notable, there are several limitations that should be highlighted. First, we analyzed a small number of patients. Future studies with larger sample sizes are needed to confirm the different patterns of CT evolution that we observed before and after RD treatment. Furthermore, several studies have reported that the CT undergoes diurnal fluctuations of 8.5% to 13.9%. [19] [20] [21] All our patients were imaged shortly after presentation, with no systematic selection bias for the RD type or imaging time. Therefore, although diurnal fluctuation might be a likely source of noise, it was not likely to mask the observed CT changes associated with RD type. However, ideally, all imaging should be performed at approximately the same time of day. Furthermore, there is currently no automated software that can segment and automatically extract CT measurements. We used a manual technique to measure the outer border of the choroidal stroma. To delineate the profile of the CT, we aligned the external limiting membrane boundary to the posterior choroidal boundary and used the measures calculated by the device to estimate the thickness of the modified "outer retinal layer." In this way, we were able to extract the CT systematically. In many eyes, the chorioscleral interface is blurred on OCT images, which makes measuring the CT more challenging. However, this obstacle may be removed in the future with the recent advances in imaging technology, particularly the use of longer wavelength light sources, which allow for deeper penetration. Finally, because the fovea relies exclusively on the choroidal vascular system, greater changes in the choroid may represent larger impacts on retinal health, with negative consequences on visual acuity, in patients with RD. 1 In conclusion, this study was the first to report CT changes associated with RDs in the subfoveal and submacular choroid. We found that the CT varied significantly, depending on the extent of RD, both before and after successful surgical treatment. The origin and clinical implications of these different recovery pathways remain unknown, but influencing factors might include effects from circulatory alterations, treatment choice, and the extent of RD.
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